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ABSTRACT  
Miniaturization and integration of assays, chemical synthesis, and cell culture models onto 
microfluidic chips is an intensive area of research. Despite the diversity of these applications, the 
vast majority of microfluidic devices are fabricated from polydimethylsiloxane (PDMS) using 
the same lithography methods described in 1998
1
.  Limitations of the lithography/PDMS 
architecture include the requirement for rectangular channels of fixed height and the necessity of 
bonding multiple layers to make 3D constructs.  The problem of fabricating networks of small 
tubes in diverse media is ubiquitous, yet there is still no “black box” that laboratories can buy to 
turn microfluidic designs into microfluidic chips. 
 
3D printing predates soft lithography, yet only recently have 3D printing methods been applied 
to the fabrication of microfluidic devices.  I will present a custom printer, which extrudes 
filaments of water-soluble, self-supporting material along 3D toolpaths.  By printing the desired 
channel geometry, casting a curable material around it, then dissolving away the soluble printed 
material, it is possible to make complex, 3D networks of cylindrical channels.  I develop design 
rules for constructing these sacrificial molds using a 3-axis stage, algorithms for processing 
designs into toolpaths, and a novel method for precision extrusion.  To prove that channels can 
be fabricated with good fidelity, I produce a monolithic, multilayer microfluidic device that 
mixes two components in ratios ranging from 1:100 to 100:1.  Due to its compatibility with a 
broad range of materials, freeform 3D printing may enable the construction of many different 
organ-on-chip models as well as micro-electromechanical systems, electrically small antennas, 
and polymer stents. 
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CHAPTER 1: INTRODUCTION AND MOTIVATION  
 
Most microfluidic devices are made by bonding one or more layers of molded PDMS. PDMS, 
though versatile, is incompatible with high pressures and some organic solvents.
2
 For these 
applications glass and polymer microfluidics can be fabricated by embossing, injection molding, 
and laser or x-ray ablation
2,3
. However, these methods are generally similar to soft lithography in 
that they produce open channels with a fixed depth and vertical walls that are closed by bonding 
to a substrate.  The bonding process requires precise alignment, so that the fabrication time and 
the probability of a leak scale with the number of layers bonded.  The bonding problem may be 
avoided by using techniques for creating monolithic multilayer devices, of which there are four: 
two-photon femtosecond laser micromachining, direct 3D-printing, fugitive ink deposition, and 
sacrificial molding. 
 
Femtosecond micromachining allows the ablation of transparent polymers at a focal point within 
their volume. It has resolution on the order of nanometers but, like 3D printing, is an inherently 
serial process. Fabrication time is proportional to channel volume, and the depth of features that 
can be machined is limited by the working distance of the objective.
4
  Femtosecond lasers are 
also quite expensive, which has likely limited their use in academic settings for the development 
of microfluidics. 
 
Layer-by-layer 3D printing can be used to fabricate monolithic millifluidic
5
 and microfluidic
6,7
 
devices. In layer-by-layer printing, a 3D parametric model is approximated as a tesselation of 
triangular facets.  The tesselation is sliced into layers and the layers are deposited successively to 
build up a 3D part, as shown in figure 1. 
 
Figure 1 – Workflow for standard layer-by-layer 3D printing 
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The most precise form of layer-by-layer 3D printing is stereolithography, in which layers of resin 
are polymerized by ultraviolet light to build up a solid part. Many different photopolymerizable 
materials, including hydrogels
8
, can be used.   Layer height in stereolithography systems is 
generally greater than 50 microns and X-Y resolution is 30 microns for high performance 
systems. However, Au
7
 found that channels less than 400 microns could not reliably be cleared 
of resin.  Some features, such as blind tubes, would be very difficult to fabricate via 
stereolithography, since the resin cannot be forced out under pressure. Finally, because it is a 
layer-by-layer process stereolithography cannot produce features with continuous curvature 
along the Z-axis, so round channels can only be approximated. 
 
Commercial 3D printers are designed to deposit material layer-by-layer.  However, some groups 
have developed methods for depositing material along 3D paths.  This process has been called 
direct-write assembly
9-16
, freeform 3D printing
17,18
, wireframe 3D printing
19
, and anti-gravity 3D 
printing
20
; I shall use the term “freeform 3D printing.” 
 
In freeform 3D printing, a 3D parametric model composed of lines and curves is built branch-by-
branch. The branches are self-supporting and need only originate from a substrate or from 
another branch. 
 
Figure 2 – Freeform 3D printing process. The paths are drawn in the order blue, green, red, yellow. 
Much of the academic work on freeform-type printing has been done using fugitive ink 
deposition, in which a sacrificial material is extruded through a nozzle directly into a fluid 
reservoir. After the printing process is complete, the reservoir is cured and the ink is removed via 
suction. Wax
9,15,21,22
 and hydrogel
13,23,24
 fugitive inks have been used for applications in 
microfluidic and tissue engineering.  While these inks can be extruded at room temperature, their 
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low stiffness prevents the fabrication of cantilevered or spanning filaments without a supporting 
fluid reservoir. 
 
Sacrificial molding is conceptually similar to fugitive ink deposition but uses a stiff material, so 
that the construct can be built without the support of a liquid reservoir. One group has 
demonstrated freeform patterning of UV-curable resins
16
 (“Ultraviolet-assisted direct-write 
assmembly”) as well as polymers softened in volatile organic solvents (“solvent casting”)17,25.  
However, removal of these structures from a cast matrix would likely require organic solvents, 
which prohibit the incorporation of live cells. Furthermore, these processes have been used to 
fabricate only single filaments attached to a substrate, with no demonstration to date of the 
branching filaments enabled by fugitive ink deposition. 
 
Miller et al. recently demonstrated the use of a modified 3D printer to pattern a lattice of 
sacrificial carbohydrate glass, which was then used as a sacrificial mold to create vascular 
channels in a variety of cell-laden gels.
26
  It is apparent from videos of the process
27
 that due to 
the high feedrate and flowrate, the filaments did not cool immediately upon exiting the nozzle, 
but drooped until they rested on the substrate or on previously printed filaments.   All of the 
printed filaments started and ended on the substrate, and there was no demonstration that 
filaments could be branched (started from existing filaments) or cantilevered.  I show that by 
precisely controlling the temperature and extrusion pressure and using a low feedrate, it is 
possible to pattern filaments of a carbohydrate glass along 3D paths with minimal drooping and 
bleeding of the material. New filaments can originate from existing filaments and can terminate 
at existing filaments or in free space, forming a cantilever.  The diameter can be controlled by 
varying the rate of extrusion relative to the rate of translation, and input and output ports can be 
formed directly as part of the build process. Thus, I show that sacrificial molding of a 3D printed 
construct is a practical method for creating monolithic microfluidic devices with controlled flows 
in media that can be cast at low temperatures.  
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Rationale for a free-standing sacrificial mold 
1. The mold can be manufactured independently of the downstream casting and seeding 
steps.  Using fugitive ink deposition, changes to the gel matrix must be made during the 
printing step. Freestanding molds, however, can be manufactured continuously and 
stored, and variables such as matrix composition and seeding protocols can be 
manipulated as needed.  This greatly facilitates collaboration, as laboratories without a 
printer can perform the downstream steps of casting and culturing. 
2. Freestanding molds need not be produced in sterilized, environmentally controlled 
conditions.  The mold itself can be sterilized by immersion in ethanol or by irradiation. 
This makes the printing process cheaper to implement and more accessible, since the 
printer need not be housed in a biosafety cabinet. 
3. Freestanding molds can be removed via dissolution in water.  This allows casting and 
removal of the mold at arbitrary temperature, unlike inks based on gels, which require a 
thermally reversible gelation at a defined temperature.  Additionally, it allows the 
creation of blind tubes, which cannot be emptied via aspiration and so are incompatible 
with fugitive inks based on insoluble polymers or waxes. 
4. Depositing material directly into a fluid reservoir requires moving a nozzle through the 
reservoir. This may stir the reservoir and affect the fidelity of the final construct. 
Additionally, the vessel itself limits the orientation of the nozzle, since it cannot collide 
with the container walls.  A freestanding mold can be built using a nozzle mounted on a 
robotic arm with five or six degrees of freedom. Thus, it is possible to print filaments that 
would be otherwise inaccessible due to collision with previously printed filaments or the 
container walls. 
5. Though fugitive inks can be patterned in a reservoir that contains cells, this poses 
additional challenges.  One is that, over the time required to print the construct, the cells 
may settle to the bottom of the container.  Increasing the viscosity of the matrix will 
prevent this but also increase viscous coupling between the nozzle and matrix, causing 
the nozzle to “stir” the reservoir. Another problem is that, if the channels are being used 
as vasculature, i.e., to perfuse the matrix, the cells in the matrix will be unperfused for the 
duration of printing.  Cell-seeded gels can be cast around a freestanding mold, which can 
be removed quickly, in a single step.  
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CHAPTER 2: PRINTER DESIGN  
 
An extrusion-type 3D printer consists minimally of 3 orthogonal axes of motion control and an 
extrusion nozzle.  This printer was designed using an XY translation stage (Aerotech ANT-160), 
which moves the construct relative to a nozzle mounted on a Z translation stage ((Aerotech ATS-
100).   Most applications require limited travel in the Z direction, allowing the nozzle to stay 
within the field of view of two fixed cameras.  The CAD drawing and the printer are shown 
below.
 
Figure 3- 3D printer design 
The method of material deposition is hot-melt extrusion, in which a molten material is forced 
under pressure through a small nozzle.  This printer uses a luer connection to mate with 
commercial micronozzles (Subrex) between 50 microns and 1000 microns in diameter. There are 
several methods of applying the pressure required for extrusion, each with advantages and 
disadvantages.  For this application, I found it necessary to develop a custom extruder. This 
design decision was made by weighing the advantages and disadvantages of existing solutions, 
summarized below. 
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Filament Drives 
The most common extrusion method among commercial 3D printers is a filament drive, in which 
a plastic filament, typically 1.5 mm or 3 mm in diameter, is forced through a die or nozzle by 
apposed gears.  Filament drives, however, are incompatible with materials that cannot be 
processed into a filament or cannot withstand the crushing force exerted by the gears. 
 
Air-Over Dispensing 
Commercial systems for precision dispensing often use an “air-over” system, in which material 
contained in a syringe is forced through a nozzle by compressed gas.  This has the advantage of 
allowing very rapid changes in pressure, and thus rapid stopping and starting of the material 
flow.  However, air-over systems are not designed to be heated.  The frequent cycling of the gas 
over the material in the syringe results in rapid heat loss, which makes precise temperature 
control difficult.  Also, commercial systems typically use polypropylene syringes, which limits 
the maximum temperature to the melting point of polypropylene, which can be as low as 130 °C. 
 
Screw Auger Extrusion 
Single or twin screw extruders rely on shear force to generate pressure behind an extrusion die.  
These are very commonly used in polymer and food processing. For shear-sensitive materials, 
screw extruders are a poor choice.  Also, turning of the screw does not result in immediate 
material flow, as there is a time constant associated with the elastic deformation of the material. 
 
Positive Displacement Extrusion 
Positive displacement extrusion can be implemented using a piston or progressive cavity pump.  
In principle, the amount of material dispensed by a positive displacement system is a function of 
plunger position, and independent of the material being dispensed.  In practice, however, elastic 
seals, tubing, and air bubbles create a non-negligible amount of compliance within the system.  
The effect can be modeled as a low-pass filter as shown in figure 4. 
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Figure 4- Schematic of a positive displacement dispenser.  Qp is the flow through the nozzle, Qc is the flow 
into the system’s “capacitance”, and Qn is flow through the nozzle.  Flow is opposed by shear stress, 
denoted by R. 
Capacitance is determined largely by the presence of trapped gas, and is difficult to eliminate 
completely.  Resistance is determined primarily by the viscosity of the fluid and the size of the 
nozzle.  As shown below, this time constant can be on the order of minutes, preventing crisp 
stopping and starting of material flow.  Thus, positive displacement is unsuitable for a high-
fidelity printing. 
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Figure 5 – Pressure decay over time using positive displacement to extrude molten isomalt through a 50 
micron nozzle. 
Positive Displacement With Pressure Feedback 
Having failed to identify a suitable commercial solution for precision extrusion of molten 
materials, I chose to develop a new method. This method uses a piston style positive-
displacement extruder controlled using a pressure feedback measured near the nozzle. 
Controlling pressure instead of piston translation allows flow rate to be changed very rapidly.  
The control algorithm is enabled by the Autofocus feature of the motion controller, which allows 
motor positioning using an analog signal for feedback. 
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Figure 6 – Autofocus control loop for the Aerotech A3200 motion controller 
The motion controller allows the feedback terms shown above.  For this application, assume 
elastic compliance, such that  
∆𝑃 = 𝑘∆𝑋 
If  ∆𝑃 is the error between the current pressure and the desired pressure, and ∆𝑋 is the resulting 
change in the position command, we have the control law 
∆𝑋 =
1
𝑘
× 𝑒𝑟𝑟𝑜𝑟  
In z-space, 
∆𝑋 =  𝑋(1 − 𝑧−1) =
1
𝑘
× 𝑒𝑟𝑟𝑜𝑟  
𝑋 =  
1
1 − 𝑧−1
∗
1
𝑘
× 𝑒𝑟𝑟𝑜𝑟 
𝑋 =
𝑧
𝑧 − 1
∗
1
𝑘
× 𝑒𝑟𝑟𝑜𝑟 
If we let 
1
𝑘
=  𝐾𝑖, we see that 
𝑋 =
𝑧
𝑧 − 1
∗ 𝐾𝑖 × 𝑒𝑟𝑟𝑜𝑟 
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We should use the motion controller’s 𝐾𝑖 term exclusively and set the other gains to zero.  𝐾𝑖 is 
inversely proportional to the stiffness, or directly proportional to the compliance, of the system.  
This is in agreement with the intuitive fact that an increase in system compliance, for example, 
by introduction of an air bubble, should require greater movement of the piston in order to reach 
the target pressure. 
 
This control law was implemented and manually tuned.  As shown below, response time for a 
100 PSI step was less than 250 ms. 
 
 
Figure 7. Step response for hybrid dispenser 
 
 
 
 
 
11 
 
Measuring Flow Rate 
One advantage of a hybrid dispensing setup incorporating pressure feedback is that it allows 
facile determination of the relationship between pressure and flow.  Pressure is set to a constant 
value, and the position of the piston recorded over time.  The piston velocity can be determined 
from the slope of this plot after pressure has settled to its target value.  Piston velocity is directly 
proportional to volumetric flow rate of the material. 
 
Furthermore, the process can be automated.  Figure 6 shows a trace from automated pressure 
calibration.  Figure 7 shows the relationship between pressure and flow rate for some test 
materials using different extrusion nozzles.  Note that frosting exhibits a sudden increase in flow 
rate at about 30 PSI.  Such behavior is characteristic of a Bingham plastic. 
 
Figure 8. Automatic Pressure-feedrate calibration for corn syrup. 
30 PSI 
31 PSI 
32 PSI 
33 PSI 
34 PSI 
35 PSI 
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Figure 9 – Pressure—flow relationship for test materials at room temperature. 
Temperature Control 
The viscosity of polymer melts
28
 and of the sugar alcohol isomalt
29
 changes exponentially with 
temperature.  In order to ensure consistent mass flow rate for a given extrusion pressure and 
filament diameter, the nozzle temperature must be very tightly controlled.  This was achieved 
using a control loop comprising an RTD sensor, a resistive heating element, and a solid-state 
relay. Because temperature loops are subject to long time delays, I implemented a Smith 
predictor control law, which uses a plant model to estimate the actual plant state from a delayed 
feedback signal.  Temperature was controlled to within +/- 0.5 °C. 
 
It was found that polymers and sugar alcohols would adhere reliably to glass only if both the 
material and the substrate were heated.  However, heating the substrate creates a temperature 
gradient above it. This affects the nozzle temperature and therefore the material flow rate.  It also 
slows the cooling of the material, so that each filament is more likely to droop before solidifying. 
13 
 
In order to solve this problem, I designed a stage that could be heated in order to facilitate 
adhesion of anchoring filaments, then rapidly cooled prior to completion of the construct.  The 
heated and cooled stage is shown in figure 10 below. 
 
Figure 10- Heated and cooled build platform 
The use of thermoelectric elements allows bidirectional temperature control – reversing the 
current with an H-bridge driver reverses the direction of heat flow.  The other side of the 
thermoelectric elements is kept near room temperature by pumping antifreeze through a 
waterblock and radiator. This controller was also implemented using a Smith predictor, and 
achieved temperature control to within +/- 0.5 °C. 
 
 
  
Thermoelectric elements 
Water block 
RTD sensor 
Steel build platform 
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CHAPTER 3: MATERIAL SELECTION AND TESTING 
 
In order to remove the sacrificial mold from the cast material, I chose a sacrificial material that is 
water-soluble at room temperature.  Miller et al. demonstrated the use of a carbohydrate glass 
containing glucose, sucrose, dextran, and water.  I elected to use pure isomalt, (GalenIQ 990, 
Beneo-Palatinit GmbH), a sugar alcohol commonly used as an artificial sweetener.  When cooled 
rapidly to below its glass transition temperature, isomalt forms a stiff, optically clear glass which 
is resistant to recrystallization.
30
  Crystallization can be further inhibited by reducing the water 
content.
31
 I found that isomalt boiled to 195 °C resisted crystallization in the extruder during the 
printing process.  Differential scanning calorimetry measurement of a sample prepared in this 
way showed a glass transition temperature of 52 °C. 
 
Figure 11 – Differential scanning calorimetry thermogram of isomalt. 
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Because the mold is free-standing, the material must be sufficiently stiff that bending is 
negligible; barring that, it is desirable to measure the elastic modulus so that any bending can be 
modeled and the design modified to compensate for it. 
 
 
Figure 12 – 4-point bending test setup. 
 
We wish to determine the flexural modulus 𝐸 to facilitate modeling and comparison to other 
materials.  For 𝐿𝑖 =
𝐿
2⁄ , the deflection of the beam at the point of the load application is given 
by 
𝛿 =
𝐹𝐿3
96𝐸𝐼
 
 
Where 𝐼 is the moment of inertia of the beam cross section.32 The plot of load against 
displacement is linear: 
𝐹 = 𝑚𝛿 =
96𝐸𝐼
𝐿3
𝛿 
So the modulus is given by 
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𝐸 =
𝑚𝐿3
96𝐼
 
Mechanical testing using a 4-point bend apparatus was performed on 9 samples of isomalt with 
dimensions 9.525 mm x 9.525 mm x 70 mm. The distance between the supports was 60 mm, and 
the distance between the points of load application was 30 mm. 
 
A representative trace is shown below.  The step decreases in load are due to the brittle beam 
cracking under the contact stresses at the supports.  This prevented measurement of the yield 
stress but still allowed for measurement of the modulus, which was based upon the slope of the 
first linear portion of the curve before cracking occurred. 
 
Figure 13 – Sample plot of load cell output as a function of deflection. Only the red portion is used to 
determine the modulus. 
 
 
0.0 0.2 0.4 0.6
-50
0
50
100
150
200
250
 Load Curve
 Linear Portion
L
o
a
d
 (
N
)
Position (mm)
Load vs. Deflection
17 
 
 
Table 1 – Moduli of Isomalt Beams 
Trial 1 2 3 4 5 6 7 8 9 
Modulus 
(GPa) 
2.0 2.4 2.4 2.5 3.2 3.2 2.4 4.1 1.9 
 
The average value of the modulus was 2.6 GPa and the standard deviation was 0.59 GPa.  This 
modulus is similar to that of engineering plastics and is sufficient for the construction of free-
standing constructs. 
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CHAPTER 4: DESIGN RULES AND TOOLS FOR FREEFORM CONSTRUCTS 
 
Unlike layer-by-layer printing, in which the partially built construct always lies below the level 
of the nozzle, freeform 3D printing allows the possibility of the nozzle colliding with the 
construct.  Using a 3-axis system and a conical nozzle, the following rules can be formulated for 
the process: 
1. All branches must start from the substrate or from existing branches 
2. Any branch i must precede all branches that intersect the volume swept out by the conical 
nozzle as it travels along branch i. 
 
Figure 14 – Illustration of the collision constraints imposed by a 3-axis stage and a conical nozzle for 
freeform printed constructs. 
 
Determining the time-optimal drawing order can be formulated as a graph augmentation 
problem, similar to the Chinese postman problem, which is NP-hard.
33
 However, because 
stopping the material flow and moving the nozzle (“deadheading”) is quite fast compared to the 
feedrate when depositing material, there is little to be gained by rigorous optimization.  Good 
Forbidden branch 
Highlighted branch must precede 
branches within hatch 
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print orders can be chosen using a semi-greedy heuristic to choose the branch order, summarized 
as follows: 
1) Using computational geometry, determine, for each branch i, which branches must 
precede i so as not to violate collision constraints. 
2) Mark branches as accessible if one of the nodes is on the substrate and no other branch 
need precede it. 
3) Start with an accessible branch. Determine which branches become accessible as a result 
of drawing this branch. 
4) Choose the next branch from the set of accessible branches using the following rules: 
a) Branches with one node on the substrate are ranked first 
b) Branches connecting two previously visited nodes are ranked second 
c) Branches connecting one previously visited node to an unvisited node are ranked 3rd. 
If the next branch must connect to an unvisited node (i.e., the ranking of all accessible 
branches is 3), choose the next branch as follows: For each accessible branch i, determine 
the set of branches J(i) rendered accessible by visiting branch i.  Perform steps a-c on J(i) 
and assign the maximum ranking within J(i) to branch i. 
5)  Drawn the branch with the highest rank that connects the most existing branches to each 
other. Update the set of accessible branches. Return to step 4 until all branches have been 
drawn. 
 
The slowest step of this algorithm is determining which branches must precede each other. A 
naïve implementation runs in O(n
2
). 
 
This code was implemented in Labview for .dxf files containing line objects.  It generates a draw 
order for a truss bridge comprising 136 elements in 1.2 seconds. Figure 15 shows the 
construction process and the completed bridge. 
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Figure 15 – Algorithmically generated print order for a bridge comprised of 136 members and completed 
polycarbonate bridge. 
 
Planar Infills 
Freeform 3D printing can be combined with planar printing.  Typically, toolpaths for planar 
printing are generated from a stereolithography (.STL) file, which is comprised of a series of 
surfaces.  A slicing algorithm determines the boundaries of the print area and traces these first.  
The shape is then filled with a regular infill as shown in figure 17. 
1 2 
3 
4 
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Figure 16 – Infill patterns from www.makerbot.com 
However, design data need not come from a CAD-generated .STL file.  Most medical imaging 
techniques output a pixel or voxel array, and translating this data into a set of surfaces to be 
processed like a CAD drawing is a complex, inelegant solution.  A better solution is to generate 
toolpaths from the image data directly.  In essence, this is transforming a pixel drawing into a 
line drawing. 
 
The ideal path should pass through all points where material is to be added, with minimal time 
spent deadheading over empty pixels.  The path should also allow for a high feedrate, 
minimizing curvature and u-turns so that the nozzle never needs to stop moving. 
An effective approach to this problem is as follows: 
1. Use a blob identifier algorithm to identify discrete shapes. 
2. Estimate the distance from the edge for each pixel in each blob using the Danielsson 
algorithm. 
3. For each blob: 
a. Start with the set of pixels lying on the edge of the blob, i.e., with a Danielsson 
distance d = 0. Use the traveling-salesman problem (TSP) solver to choose an 
order for these pixels. 
22 
 
b. Run the TSP solver on the set of pixels comprising the last pixel visited and the 
set of pixels with a Danielsson distance d = d+1 until the blob is filled. 
c. Determine the distance from the centroid of blob i to the centroid of each 
remaining blob.  Choose the closest blob to be drawn next. 
d. Run the TSP solver on the set of pixels comprising the last pixel visited and the 
set of pixels with a Danielsson distance d = 0 for the next blob. 
e. Return to step (b) until all blobs are filled. 
 
This approach is demonstrated in figure 18.  Blob identification and the Danielsson algorithm 
were performed using the Labview Vision Development Module.  Solutions to the TSP were 
found using the Concorde TSP solver.
34
 
 
Figure 17 – Planar toolpath generation using a TSP Solver. The Coca-Cola logo was printed using dyed 
corn syrup. 
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CHAPTER 5: CONSTRUCTION OF A COMBINATORIAL MIXTURE GENERATOR  
 
Sacrificial molding enables construction of monolithic, multilayer microfluidics in a single 
casting step.  The process is shown below.  A sacrificial mold is printed using isomalt and 
inverted in a silicon mold, which is then back-filled with epoxy resin. Removing the sacrificial 
mold via dissolution leaves a network of channels and pre-formed input and output ports. 
 
Figure 18 – (a) Mixture Generator Design and Molding Process. Dye has been added to aid visualization 
of the optically clear isomalt. (b) Dye-filled channels. (c) Cutaway view showing round channel cross-
section. 
Generator Design 
The structure of the mixture generator is similar to that given by Walker et. al.
35
 The geometry of 
the mixture generator was drawn in AutoCAD and is shown in figure 19. The equivalent circuit 
is shown in figure 20. The two components of each mixture originate from a feed channel and 
pass through a throttling channel before meeting at the output channel. 
 
(a) (b) 
(c) 
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Figure 19 - Equivalent Circuit for the Mixture Generator 
The resistances and the net flow through all of the output channels are set equal, so the pressure 
drop between the inlet and the meeting of each throttling channel is also equal.  Under this 
condition, at each bifurcation of each feed channel, the ratio of the output flow 𝑄𝑜𝑢𝑡 and the 
downstream flow 𝑄𝑖 − 𝑄𝑛 is determined by the resistance of the throttling channel 𝑅𝑛 and the 
effective downstream resistance.  The resistance of the feed channel between bifurcations is 
constant and assigned a value of 1.  Therefore 
 𝑄𝑛
𝑄𝑖 − 𝑄𝑛
=
1 + (𝑅𝑛+1
−1 + 𝑅𝑒𝑞
−1)
−1
𝑅𝑛
 
(1) 
 
 
 𝑄𝑛+1
𝑄𝑖 − 𝑄𝑛 − 𝑄𝑛+1
=
𝑅𝑒𝑞
𝑅𝑛+1
 (2) 
 
 
Solving for Rn+1, 
 
𝑅𝑛+1 = 𝑅𝑛 (
𝑄𝑛
𝑄𝑖 − 𝑄𝑛
− 1) (
𝑄𝑖 − 𝑄𝑛 − 𝑄𝑛+1
𝑄𝑛+1
+ 1) (3) 
 
Qi 
Q
n
 
R
n+11
 
R
n
 
1 
R
eq
 
Inputs 
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Qn and Qi are known. R0 must be chosen such that none of the computed resistances are negative.    
The relationship between diameter, length, and resistance in a round tube under laminar flow 
conditions (i.e., Poseuille flow) is given by 
 
 
𝑅 ∝
𝑙
𝑑4
 
(4) 
Using this relationship, we selected R0 such that the smallest diameter used in the design was 
25% of the largest diameter.  Thus, the feed channels were 1 mm in diameter while the smallest 
throttling channel was 250 µm in diameter.  The mixing ratios were chosen to be 100:1. 31.6:1. 
10:1, 3.16:1, and their reciprocals. 
 
Diameter Calibration 
For any given volumetric flow rate 𝑄, the diameter of a cylindrical filament is given by the 
conservation of mass relation 
 
𝐷 ∝ √
𝑄
𝑣
 
(5 
Where D is the diameter and 𝑣  is the feedrate. Under laminar flow conditions, Q is directly 
proportional to the pressure drop across the nozzle and inversely proportional to the fluid 
viscosity.
36
 Therefore, 
 
 
𝐷 ∝ (√
𝑃𝑛 − 𝑃𝑓
𝜂
) (√
1
𝑣
) (6) 
 
Where Pn is pressure inside the nozzle, Pf the pressure inside the filament at the nozzle exit, and 
𝜂 the fluid viscosity. Pf  and η are dependent upon temperature, and, as we discuss later, the 
spatiotemporal temperature profile of an extruded filament is dependent upon diameter. This 
means that diameter cannot be calculated based on feedrate alone.  In order to determine what 
feedrate should be applied to achieve each design diameter, we printed a series of horizontal 
filaments at different feedrates and measured the diameter optically.  Images were acquired at 5x 
magnification on a light microscope (Axio Imager, Zeiss).  The line detection utility in the 
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Labview Vision package (National Instruments) was used to fit a line to either edge of the 
channel, and the distance between lines was taken as the filament diameter.  The feedrate for 
each channel within the device was determined by fitting a cubic spline to the calibration points 
and interpolating the feedrate values for the desired diameters. 
 
Printing 
The extruder temperature was set to 115 °C.  In order to facilitate adhesion to the substrate, the 
X-Y stage was heated to 60 °C, near the glass transition temperature of isomalt, when printing 
the filaments attached to the substrate.  The generator shown was printed using a tapered 150 
micron nickel-silver micronozzle (Subrex) and an extrusion pressure of 25 PSI.  Printing took 
about one hour. 
 
Epoxy Casting 
The printed mold was inverted and placed in a flexible silicon cavity.  Epoxy resin (Epoxacast, 
Smooth-On) was mixed and poured into the mold so that it wet the glass substrate. After curing 
overnight, isomalt was removed from the cured construct under three conditions: immersion in 
still water at room temperature for 36 hours, sonication in water at 41°C for 16 hours, or 
immersion in boiling water for 3 hours. 
 
Agarose Casting 
Preliminary experiments showed that immersion of isomalt in aqueous solutions resulted in 
dissolution within seconds or minutes.  In order to preserve the channels long enough for the gel 
to set, I coated the mold with a thin layer of polycaprolactone.  Polycaprolactone (Mn 80,000, 
Sigma-Aldrich) was dissolved at 5% w/v in dichloromethane.  The mold was dipped in this 
solution and removed, depositing a thin film of polycaprolactone around the isomalt.  A 3% 
agarose gel was then cast around the mold.  The channels were clear of isomalt within 30 
minutes of casting. 
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Channel Dimensions 
The finished device was filled with food dye and imaged at 5x magnification a light microscope 
(Axio Imager, Zeiss). In order to capture variation in the channel diameters, the caliper function 
in the Labview Vision development kit was used to measure the distance between edges for each 
row of pixels perpendicular to each channel.   
 
Device Performance 
The performance of the epoxy mixture generator was measured using aqueous solutions of two 
dyes, tetrazine and Coomassie brilliant blue R-250 (Sigma-Aldrich). A syringe pump (Fusion 
200, Chemyx) was used to pump the two dyes through the device and the outputs were collected 
in acrylic cuvettes (Brand Tech Scientific).  Optical absorbance values between 275 and 750 nm 
were measured using a UV-Visible spectrometer (GeneQuant 1300, General Electric).    The 
ratio of the tetrazine solution to the Coomassie blue solution for each output was determined by 
minimizing the squared error for the over-constrained system of equations 
 
[𝑥 1 − 𝑥] [
𝑎1 𝑎2 … 𝑎𝑛
𝑏1 𝑏2 … 𝑏𝑛
] = [𝑐1 𝑐2 … 𝑐𝑛] (7) 
where 𝑥 is the proportion of tetrazine solution, ai is the absorbance of tetrazine, bi is the 
absorbance of coomassie blue, and ci  is the absorbance of the output at wavelength i. 
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Results 
The calibration curve for the relationship between pressure and feedrate is shown in figure 20.   
Based on equation (6), a constant flowrate Q would result in a straight line on the plot of D 
against v(-1/2). This “zero-loss condition” can be estimated by applying a linear fit to the data 
points for which the filament diameter is less than the nozzle diameter.  For filament diameters 
greater than the nozzle diameter, Q decreases monotonically with D.  This can be explained as 
follows. 
 
The extruder pressure 𝑃𝑛 is precisely controlled by a servo loop and can be regarded as 
independent of any other variables. Temperature, however, is controlled using a sensor on the 
surface of the extruder, and the temperature near the nozzle exit is not equal to the temperature 
measured by this sensor.  The dependence of Q on D can be explained in part through the effect 
of temperature on Pf and η.  
 
Figure 20-(a) Relationship between feedrate and filament diameter.  The 
zero loss condition is a linear fit to the data points where the filament 
diameter is less than the nozzle diameter.  
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The nozzle loses heat via conduction to the filament, and a thicker filament will remove heat 
faster than a thin filament. This causes a local temperature decrease at the nozzle tip, which is 
effectively invisible to the temperature controller.  The viscosity η of isomalt increases 
exponentially with temperature
29
. Therefore, a slight decrease in temperature at the nozzle tip 
would decrease Q and therefore decrease D.  This explanation assumes that conduction, not 
convection, is the dominant mode of heat transfer. 
 
Pf, the pressure inside the filament, can be attributed to surface tension 𝛾, and is inversely related 
to diameter. 
 
𝑃𝑓 =
2𝛾
𝐷
 (9) 
Although thicker filaments have larger radii of curvature, they are also subject to more rapid 
cooling via conduction down the filament and free convection from the surface.  Surface tension 
for most materials decreases with temperature. Thus, a thick filament might exhibit increased Pf 
relative to a thin filament due to a much cooler surface. 
The agreement between predicted and measured channel diameters is shown in figure 21. 
30 
 
As is apparent in figure 18, I found that the diameter of the channels became smaller near the 
channel junctions. For shorter channels, this would be expected to decrease the average diameter 
and restrict flow.  Indeed, the shortest channels, designed to be 2 mm long and about 475 µm in 
diameter, showed the greatest negative deviation from the design diameter. 
Channels of similar design dimensions had very similar measured diameters, and the deviation 
from the design diameters became more negative at higher diameters.  This suggests some 
systematic error, which may be due to slight changes in material properties.  Crystallization or 
degradation due to extended time in the extruder and differences in the water content of the 
isomalt feedstock are two factors that could influence the material rheology and cause time or bat  
The performance of the epoxy mixture generator is shown in figures 22. 
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Figure 21 (b) Comparison of predicted and measured channel diameters 
(R2 = 0.95). 
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The device achieved good linearity over the entire range of operation (𝑅2 = 0.9925).  The 
volume of each mixture collected is shown in figure 2(b).  The deviation from the design values 
can be attributed to the error in the channel diameters and neglect of bending losses in the design 
calculation. Bending losses in microfluidic devices increase monotonically with mass flow 
rate.37 For a larger channel with lower frictional (major) losses, bending (minor) losses will 
Figure 22 (a) Dilution generator performance (R2 = 0.99).            (b) Volume 
of each mixture collected, normalized to the mean of 800 µL. The standard 
deviation is 10.5%. 
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constitute a larger proportion of the total pressure loss.  The net effect would be to decrease the 
relative flow through larger channels, causing error in the output ratios such that they are closer 
to 1:1. This is consistent with the data, but is easily explained by error in the channel diameters 
themselves as well. 
 
Discussion 
I have demonstrated a means of fabricating free-standing, 3D, branched and cantilevered 
filament networks using a stiff, water soluble, biocompatible material.  An immediate application 
of this process is monolithic microfluidic devices, for which it offers advantages in certain 
applications.  For example, cylindrical channels minimize the channel surface area for any given 
volume, limiting adsorption to the channel walls.  Hydrodynamic focusing is more easily 
implemented in round channels than rectangular channels and allows confinement of suspended 
analytes like cells to a small region within the center of the channel.
38
  The fixed channel height 
inherent in lamination-based processes limits the range of channel resistance per unit length; 
thus, microfluidic mixture and dilution generators can require very long, serpentine channels in 
order to achieve a large range of mixing ratios.
39
  This process, which can produce channels with 
a resistance per unit length spanning at least 4 orders of magnitude, can simplify the design of 
such devices and reduce their 2D footprint.  The device presented here can be reconfigured to 
produce different mixing ratios by changing only the diameters, with no need to change the 
topology 
 
The use of round channels may prove useful for recapitulating physiological flows, stresses, and 
strains.   For example, inflammation and proliferation of the vascular wall are inhibited by 
laminar shear stress and promoted by non-laminar flow
40,41
. Vascular smooth muscle responds to 
transmural pressure with contraction, secretion, and growth.
42
  Duct shape and stiffness regulate  
invasion of epithelial cells in the breast.
43
 Lung signal transduction is mediated by mechanical 
forces.
44
 Osteoblast growth rate is controlled by the curvature of the substrate.
45,46
    While the 
hoop stress in a cylinder is a function of the local modulus and radius alone, the wall stress in a 
rectangular channel varies strongly with position, with high stress concentrations at the corners. 
This complicates the modeling of the stress field and may induce non-physiological phenotypes 
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in mechanically responsive cells. For a number of organ-on-a-chip systems, then, a precise 
method of creating branched, cylindrical channels in soft media would be of considerable value.   
 
To date, the most precise method demonstrated for creating round tubes in hard and soft media is 
fugitive ink deposition
9,10,13,15,22,24
. Fugitive ink deposition, however, imposes certain design 
constraints. For example, the ink and reservoir must be chosen to have comparable densities and 
be immiscible. The reservoir must maintain its liquid state for the duration of printing, which 
limits the use of some materials, such as two-part resins, which must be mixed in order to cure. It 
may be possible in some cases to replace the reservoir with a different fluid after printing is 
complete, but this requires that the ink, the supporting reservoir, and the infiltrated fluid be 
mutually immiscible. If cells are to be encapsulated, the printing must be performed under sterile 
conditions, and parameters such as matrix composition and cell density must be manipulated at 
the time of printing. 
 
Free-standing molds, in contrast, can be produced in a non-sterile environment and sterilized 
after printing is complete.  They can then be cast in any medium which cures or gels below the 
glass transition temperature of the sacrificial material.  This greatly facilitates collaboration, as 
laboratories without access to a printer can easily perform the non-printing steps.  We have found 
the decoupling of the printing and casting steps to be very helpful in our efforts to develop a 
breast cancer model incorporating branched, 3D duct networks, since mold and cell production 
need not occur on matched schedules. 
 
Sacrificial molds can be dissolved very quickly in hydrogels, enabling rapid perfusion of large 
constructs before hypoxia occurs. A potential pitfall, however, is the effect of dissolved mold 
material on encapsulated cells. I found that isomalt filaments with diameters on the order of 100 
µm dissolve completely in minutes, requiring the application of a thin layer of polylactide or 
polycaprolactone to the sacrificial mold in order to preserve the cylindrical channels while the 
gel sets.  However, polylactide and polycaprolactone are permeable to water
47
.  Using an epoxy 
matrix, I found that immersion in water at room temperature required 36 hours to clear the 
carbohydrate glass.  The same glass clears in less than 30 minutes when coated in 
polycaprolactone and cast in agarose. I take this as evidence that isomalt diffuses through the 
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polymer layer, while the agarose or other gelling agent does not.  This allows for very rapid 
perfusion of vascularized constructs; on the other hand, if the volume of the vasculature is 
sufficiently large relative to the total volume of the construct, the resulting large concentration of 
sugars or sugar alcohols could have toxic effects.  Using a soluble material of higher molecular 
weight, such as polyvinyl alcohol or thermoplastic starch, could reduce the osmotic stress and 
potential metabolic effects of large concentrations of sugars and sugar alcohols.  
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CHAPTER 6: ADDITIONAL APPLICATIONS OF FREEFORM 3D PRINTING 
 
Breast-on-a-chip 
There is a need for experimental systems that bridge the gap between 2D culture models and 
animal models.  Recognition of this need has led to the development of multiple 3D tumor 
models, which are generally based on spheroids.  However, generating uniform spheroid models 
is not sufficiently scalable or repeatable to be used in drug discovery, which is still done chiefly 
in 2D monoculture. The conventional model for drug discovery is a target based model, in which 
molecules are screened for their ability to bind to an enzyme though to be involved in the disease 
phenotype.  Using a reproducible 3D culture model it may be possible to examine the drug’s 
effect on phenotype directly, rather than trying to predict it based on a target based model. 
In breast cancer, the phenotype of interest is invasion of the epithelial cells through the basement 
membrane and subsequent extravasation into a blood or lymphatic vessel. The malignant process 
is strongly influenced by neighboring cells. For example,  the tendency of epithelial cells to 
invade is modulated by fibroblast-secreted signaling factors
48
, and extravasation is facilitated by 
macrophages.
49
 Thus any phenotypic screen that encompasses the full malignant transformation, 
from invasion to metastasis, requires multiple cell types, spatially arranged to mimic the 
structure of the breast. 
 
Figure 20 illustrates a process for creating biomimetic breast tissue.  The finished construct 
contains a branched epithelialized lumen in a collagen gel seeded with fibroblasts.  This model is 
well-suited to direct assay of tumor invasiveness.  
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Figure 23 – Process for creating in-vitro breast duct models from freeform printed molds 
 
 
Figure 24 – Printed mold array 
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Stents 
Historically, stents have been machined or woven from metal alloys.  However, there are a 
number of problems associated with these permanent stents. Permanent stents may inhibit full 
remodeling of vasculature
50
 and cause stent thrombosis several years after implantation
51
 .   If a 
permanent stent breaks, a fragment may migrate and cause complications elsewhere in the 
body.
52
 
 
These problems have motivated the development of resorbable polymer stents. Resorbable stents 
reduce the risk of late stent thrombosis and breakage, and can easily be doped with anti-
inflammatory or anti-thrombotic drugs, which are released for as long as the stent is present.  
However, making a polymer stent that is as strong as a metal stent remains challenging, and 
polymer stents, like metal stents, are manufactured in discrete sizes and shapes.  Stents are not 
personalized. There is currently no solution for tailoring the stent geometry, strength, 
compliance, drug loading, or degradation rate to the patient. 
 
Freeform 3D printing can be used to deposit polymers along 3D paths, building the stent struts 
directly.  No support material is required, and the process allows fabrication of stents that would 
be extremely difficult to make via machining or conventional layer-by-layer printing. For 
example, stents with bifurcations and non-constant radii are easily fabricated using this method.  
Struts can be made as small as 50 µm and as large as 500 µm in diameter, and fabrication time 
ranges from minutes to hours, depending on the size of the stent.  Further engineering will 
improve the speed and resolution of the process.  
 
One patient population that could benefit from the development of 3D printed stents is those with 
carotid stenosis, a risk factor for stroke. Carotid stenosis typically occurs where the common 
carotid divides into the internal and external carotid arteries, and is treated by either surgery 
(endarterectomy) or stenting, with comparable outcomes.
53
  Stenting is much less invasive, and 
could potentially be performed on many more patients, but improvements in stents and stenting 
procedures are necessary in order for carotid stenting to show greater safety and efficacy than 
endarterectomy. 
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Figure 25- Illustration of the nozzle depositing the struts (left) and a finished bifurcating stent (right). 
These stents are made of isomalt. 
 
 
Figure 26 – Stents made of polylactide, a biodegradable polymer, via freeform 3D printing. The bottom 
stent has been placed on a balloon catheter. 
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Whereas cardiac stenting is often an emergency procedure, carotid stenosis, even in severe cases, 
need not be treated immediately. During a routine screening, a physician would image a patient’s 
carotid arteries using Doppler ultrasound, magnetic resonance angiography, or computed 
tomography angiography.  If the patient is deemed at risk for stroke, we would then design a 
stent based on the image data, print it, and perform quality control measures.  The physician 
would receive a stent custom-built for the patient a few days after the initial examination. 
This printed stent would be optimized in size, shape, and compliance. Using a stent designed to 
fit a specific patient’s carotid bifurcation would make the implantation process easier, reducing 
the risk of complications and allowing more procedures to be performed in a shorter time. Stent 
compliance can be tuned as well: by making struts of variable diameter, the stent can be made 
stiff in the middle to prevent crushing and flexible at the ends to match the compliance of artery 
wall. The abrupt change in compliance at the boundary of a stiff stent causes aberrant 
hemodynamics, promoting restenosis.
54
 A matched-compliance stent solves this problem. 
Eventually the technology would be developed to the extent that stents could be produced on-
demand at the point of care.  Software would use image data determine the appropriate 
dimensions for the stent and generate a design algorithmically. The stent would then be printed 
in minutes, at the hospital. 
 
Some problems remain to be solved. For example, delivery of a bifurcating stent via catheter 
requires some engineering in and of itself.  Future work will include identifying and meeting the 
clinical requirements of a3D printed stent as well as validating the stent in a porcine model. 
 
Electrically Small Antennas 
Mobile electronic devices are decreasing in size and increasing in computational power.  A 
crucial aspect of their utility, and a major driver of cost, size, and power consumption, is their 
ability to communicate wirelessly.  This has motivated considerable efforts towards the design 
and manufacture of electrically small antennas. Electrically small antennas are small relative to 
the wavelength of radiation they emit or absorb; an antenna is considered electrically small when 
the largest dimension is 
𝜆
2𝜋
, where 𝜆 is the wavelength.55 
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Antenna performance is characterized by three parameters: quality factor (Q), efficiency, and 
size. The quality factor (Q) is the ratio of energy stored to energy dissipated over a radian of 
oscillation. This is equivalent to the antenna center frequency divided by its bandwidth. For an 
antenna centered around any given frequency, a high bandwidth, and therefore a low Q, is 
desirable.  Efficiency (𝜂) is given by the ratio of power radiated to power supplied, and is 
important for mobile applications, where wireless communication represents a major sink of 
battery power.  Size is typically characterized by the parameter ka, where 𝑘 =  
2𝜋
𝜆
 and a is the 
radius of the smallest sphere that encloses the antenna. 
 
To minimize Q, an electrically small antennas should enclose as much as possible of the volume 
circumscribed by this sphere of radius a; thus the antenna should itself be spherical.
56
  The 
highest-efficiency spherical antennas are constructed by manually coiling and soldering wire.
57
  
The difficulty of automating this process has motivated other methods for fabrication of 
spherical antennas. One approach is to deposit conductive ink on a hemispherical substrate using 
a 3D printer much like the one described in this work. Another approach is to is a pad transfer 
printing process, transferring conductive ink from a hemispherical pad to a hemispherical 
substrate.
58
  Using flexible electronics, a planar antenna can be deformed around a curved 
substrate to create a 3D antenna.
59
  However, due to limitations on the thickness of the traces, 
these antennas cannot match the efficiency of coiled-wire antennas.  The thin traces, which 
cannot be soldered, also make integration with printed circuit boards difficult. 
 
Using freeform 3D printing, it is possible to print thick (hundreds of microns) filaments of free-
standing conductive material.  The traces could be made of a polymer rendered conductive by 
incorporation of carbon black or carbon nanotubes.  Alternatively, the traces could be printed 
using a fusible metal alloy.  The latter approach would allow direction construction of 3D 
antennas on printed circuit boards.  Efforts are underway to identify environmentally benign 
fusible alloys that will allow freeform printing of these electrically small antennas. 
 
 
41 
 
CHAPTER 7: CONCLUSIONS 
 
I have demonstrated that 3D printing of the water soluble sugar alcohol isomalt enables the facile 
fabrication of 3D branching cylindrical channels in monolithic microfluidic devices.  This may 
find application in the rapid prototyping of chips for synthetic and analytical chemistry as well as 
in tissue engineering, where there is often a need to create cylindrical microchannels in soft 
media.  Additionally, freeform 3D printing of other materials can be used to fabricate micro-
electromechanical systems and medical devices. For example, stents can be manufactured via 
freeform 3D printing of biodegradable polymers, and electrically small antennas can be 
manufactured via freeform 3D printing of low melting point metal alloys.  The hardware, design 
rules, and algorithms presented here may thus find application in many fields.  
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